1. Introduction {#sec1-nutrients-12-01901}
===============

Pancreatic cancer has become the seventh-largest cause of cancer-related death by 2020 \[[@B1-nutrients-12-01901]\], with an expected 5-year survival rate of approximately 8% \[[@B2-nutrients-12-01901]\]. It is the seventh leading cause of cancer-related mortality, causing over 300,000 deaths per year \[[@B3-nutrients-12-01901]\]. Surgical resection is the treatment of choice, but only a small minority of patients have resectable disease at the time of initial diagnosis \[[@B4-nutrients-12-01901]\]. Post-surgical recurrence has remained challenging \[[@B4-nutrients-12-01901],[@B5-nutrients-12-01901]\]. For unresectable pancreatic cancer, treatment with chemotherapeutic agents is the mainstream option \[[@B6-nutrients-12-01901],[@B7-nutrients-12-01901]\]. Sophisticated treatment options, such as those using targeted immunological therapies (vismodegib and erlotinib), have not proven successful to date \[[@B6-nutrients-12-01901]\]. Adjuvant chemotherapy alone or with radiation has been widely used in the clinical set up to improve prognosis status \[[@B8-nutrients-12-01901]\]. However, severe side effects limit the use of chemo-radiotherapy. Clearly, there is a need to evaluate new treatment modalities that can address and overcome adverse clinical manifestations.

The proximity of the liver is problematic during radiotherapy of pancreatic cancer. Significant hepatic exposure is expected and the radiosensitivity of the liver causes debilitating injury \[[@B9-nutrients-12-01901]\]. Hepatic cells, such as Kupffer cells (KC), sinusoidal endothelial cells (SEC) and hepatic stellate cells, are known to be radiosensitive. They release various substances that promote liver fibrosis, contributing to distorted liver structure and function during radiation treatment \[[@B10-nutrients-12-01901],[@B11-nutrients-12-01901],[@B12-nutrients-12-01901]\]. Early effects of irradiation include DNA damage, oxidative stress and production of reactive oxygen species. This leads to hepatocellular apoptosis and acute inflammatory responses \[[@B13-nutrients-12-01901]\]. Drug substances that can exert simultaneous anticancer activity and radiation protection with minimal side effects are potential candidates for optimal treatment of pancreatic malignancies.

Extracts or pure compounds from natural products (natural sources: plants, marine organisms and microorganisms) are routinely screened for their anti-tumor and radioprotective properties. Among these, there is sizeable structural diversity and chemical complexity and they modulate several cellular-signaling pathways \[[@B14-nutrients-12-01901],[@B15-nutrients-12-01901]\].

Crocin (crocetin digentiobiose ester) is a unique water-soluble carotenoid isolated from the dried stigma of flowers of *Crocus sativus* L. (Saffron) and the primary component contributing to the bright red color of saffron \[[@B16-nutrients-12-01901]\]. Previous studies have reported antihyperlipidemic \[[@B17-nutrients-12-01901]\] and cardioprotective \[[@B18-nutrients-12-01901],[@B19-nutrients-12-01901],[@B20-nutrients-12-01901]\] effects, together with hypotensive and antidepressant properties \[[@B21-nutrients-12-01901],[@B22-nutrients-12-01901],[@B23-nutrients-12-01901]\]. Crocin is also known to possess active anticancer activity against several types of tumor cells \[[@B24-nutrients-12-01901],[@B25-nutrients-12-01901]\]. Various studies have shown that carotenoids of saffron extract, crocin and crocetin, arrest the cell cycle at S, G0/G1and G2/M stages \[[@B26-nutrients-12-01901],[@B27-nutrients-12-01901],[@B28-nutrients-12-01901],[@B29-nutrients-12-01901],[@B30-nutrients-12-01901],[@B31-nutrients-12-01901],[@B32-nutrients-12-01901],[@B33-nutrients-12-01901],[@B34-nutrients-12-01901]\], inhibiting mitosis, cell proliferation and triggering apoptosis. Crocin is also known for its protective effects on the heart, skeletal muscles and retinal tissues during oxidative insults \[[@B35-nutrients-12-01901]\]. It has been reported to be effective in protecting a variety of organs against radiation-related injuries such as liver, kidneys, heart, skeletal muscles \[[@B35-nutrients-12-01901]\]. Crocin reduced testicular damage and exhibited significant protection against radiation-induced hydroxyl radical DNA strand breaks \[[@B36-nutrients-12-01901]\].

We have previously reported that crocin induces DNA fragmentation, apoptosis and cell cycle arrest at the G1 phase in Bx-PC-3 pancreatic cancer cells \[[@B24-nutrients-12-01901]\]. This study suggests that crocin inhibits the proliferation of BxPC3 cells through the induction of apoptosis by acting on DNA and activation of P53 signaling pathway \[[@B24-nutrients-12-01901]\]. However, the exact molecular mechanism is not elucidated yet. In this present study, we present the first report on the detailed mechanism of crocin-induced pancreatic cancer cell death. Furthermore, we demonstrate that crocin induces restoration of ionizing radiation-induced liver impairment in vivo.

2. Materials and Methods {#sec2-nutrients-12-01901}
========================

2.1. In Vitro Thiobarbituric Acid Reacting Substances Assay {#sec2dot1-nutrients-12-01901}
-----------------------------------------------------------

The thiobarbituric acid reacting substances (TBARS) assay was used as described previously \[[@B37-nutrients-12-01901]\]. The reaction mixture contained concentrations of crocin (5-, 10-, 25-, 50-, 100-, 150-, 200-, 250-, 300-, 400-, 500-µg mL^−1^) in a final volume of 0.5 mL. The reaction mixture was incubated at 37 °C for 1 h, then 0.4 mL removed and treated with 0.2 mL sodium dodecyl sulfate (SDS) (8.1%), 1.5 mL thiobarbituric acid (TBA) (0.8%) and 1.5 mL acetic acid (20%, pH 3.5). The total volume was made up to 4.0 mL with distilled water and kept in a water bath at 95 °C to 100 °C for 1 h. After cooling, 1.0 mL of distilled water and 5.0 mL of *n*-butanol and pyridine mixture (15:1 *v/v*) were added to the reaction mixture, shaken vigorously and centrifuged at 4000 rpm for 10 min. The butanol-pyridine layer was removed and absorbance at 532 nm measured.

2.2. Chemicals and Reagents {#sec2dot2-nutrients-12-01901}
---------------------------

The human pancreatic cancer cell lines (Bxpc-3 and Capan-2) were purchased from ATCC, (Manassas,Virginia, USA). Dulbecco's modified Eagle's medium---high glucose (DMEM-H) (Cat. No. 11965092) and fetal bovine serum (FBS) (Cat. No. 16000036) were purchased from Gibco/Invitrogen (Carlsbad, CA, USA). Analytical grade dimethyl sulfoxide (DMSO), trypsin, streptomycin, penicillin, 3-\[4,5-dimethyl-2-thiazolyl\]-2,5- diphenyl-2-tetrazolium bromide (MTT) was purchased from Selleck (USA). Bcl-2, Bax, cleaved-caspase-3, pro-caspase-3, P38, P21^Cip1^, P27^Kip^, P53, c-Myc, CDK2 and β-actin antibodies were purchased from cell signaling technology UK.

2.3. Cell Lines and Culture Method {#sec2dot3-nutrients-12-01901}
----------------------------------

BXPC3 and Capan-2 cells were purchased from ATCC, USA. Cells were cultured in RPMI 1640 medium with 10% fetal bovine serum and 1% antibiotics (penicillin/streptomycin). Cells were maintained in a humidified cell incubator at 37 °C and 5% CO~2~ atmosphere.

2.4. Drug Preparation {#sec2dot4-nutrients-12-01901}
---------------------

A stock solution of crocin was prepared in dimethyl sulfoxide. Different concentrations of (10, 20, 30 and 40 µg mL^−1^) were prepared in 1% DMSO and added in the cell culture medium. Doxorubicin 5-µg/mL concentration was used as a positive control.

2.5. MTT Assay {#sec2dot5-nutrients-12-01901}
--------------

Pancreatic cancer (BxPC3 and Capan-2) Cells (1 × 10^5^/well) were seeded in 96 well plates (100 μL per well) and allowed to adhere firmly overnight in RPMI medium with 10% fetal bovine serum. Then cells were treated with different concentrations (10, 20, 30 and 40 µg/mL) of crocin for 24 h. After 24 h, the medium was removed and cells incubated with MTT reagent (5 mg mL^−1^) for 4 h and violet formazan crystals dissolved in dimethyl sulfoxide and absorbance read at 540/690 nm. The absorbance of the control (without treatment) was considered as 100% cell viability. Doxorubicin was used as a positive drug control.

2.6. Western Blot Analysis {#sec2dot6-nutrients-12-01901}
--------------------------

The whole-cell lysates prepared from BXPC3 and Capan-2 cells were treated with crocin (10, 20, 40 µg/mL) for 24 h, as described earlier \[[@B38-nutrients-12-01901]\]. The whole cell lysate was resolved in SDS (10%) poly(acrylamide) gel electrophoretically and electro-transferred onto a nitrocellulose membrane. The immunoblots were probed with Bcl-2, Bax, caspase 3 (cleaved), Caspase 9 (cleaved), P53, P21^cip1^, P27^kip1^, CDK2, c-MYC antibodies and were visualized with NBT/BCIP chromogenic substrate. Furthermore, cytochrome c release from both mitochondrial and cytosolic fractions of crocin treated BXPC3 cell lysate was collected at 12, 24 and 36 h as previously described \[[@B39-nutrients-12-01901]\] and the expression of cytochrome c release was analyzed by probing with a specific monoclonal antibody.

2.7. Gene Expression Profile Using Microarray Analysis {#sec2dot7-nutrients-12-01901}
------------------------------------------------------

Logarithmically growing BxPc-3 pancreatic cancer cells (1 × 10^7^) were incubated for 6 h (37 °C, 5% CO~2~ atmosphere) in the presence and absence of crocin (10 µg mL^−1^). After incubation, attached cells were scraped off, collected in plastic vials, pelleted using centrifugation at 5000× *g* and stored under liquid nitrogen. Total RNA and cRNA were purified (Qiagen's RNeasy mini kit , Manchester, UK) and RNA quality checked (Bio-analyzer). The slides used for analysis were of Agilent's Human Array G8451B. The labeling method was T7 promoter based-linear amplification to generate labeled complementary RNA (one-color microarray-based gene expression analysis). The data analysis for gene normalization was completed by using Gene Spring GX version 7.3 and Microsoft Excel.

2.8. In Vivo Radiation-Induced Liver Toxicity {#sec2dot8-nutrients-12-01901}
---------------------------------------------

Swiss albino mice (*n* = 6) were used for this study. Mice were divided into four groups. Group 1: mice received distilled water subcutaneously. Group 2: Mice were injected subcutaneously. With 100 mg crocin per kg bodyweight for five consecutive days. Group 3: Mice were injected subcutaneously with PBS for five straight days and exposed to 4 Gy of gamma radiation for 30 min, 1 h, 2 h and 4 h. Group 4: Mice were injected with 100 mg crocin per kg bodyweight for five consecutive days and exposed to 4 Gy of gamma radiation for 30 min, 1 h, 2 h and 4 h. After the experimental period, the liver was perfused and homogenized. The homogenate was centrifuged at 1000 rpm for 10 min at 4 °C to obtain a supernatant. The supernatant was analyzed for hepatotoxicity markers, as described previously \[[@B40-nutrients-12-01901],[@B41-nutrients-12-01901]\].

2.9. In Vivo Tumor Xenograft {#sec2dot9-nutrients-12-01901}
----------------------------

Female athymic nude mice (NCR nu/nu) 6--8 weeks old were obtained from Vivo Bio Tech, Ltd., Hyderabad, India. The study carried out as per OECD guidelines for testing for chemicals under IAEC number JNCHRC/13/IAEC/PN-185/B. All experiments were conducted under the guidance of the Institutional Animal Ethical Committee (Project No.500/01/08/2016/project 5/28/07/2019) and PPL No. 2768 these conformed to the guidelines set by WHO (World health organizations, Geneva, Switzerland & INSA, New Delhi and Under The Animal (scientific procedures) Act 1986, respectively. All Animal work was done in UK and India by two investigators (MMT and HAB). The crocin in vivo drug doses were determined by toxicity studies (data not shown) conducted as OECD guidelines.

Mice were fed an antioxidant-free AIN-76A special diet a week before starting the trial. Establishing the tumor xenograft model in athymic nude mice was performed as described previously \[[@B42-nutrients-12-01901]\]. Briefly, BXPC-3 cells (1.0 × 10^6^) in 0.1 mL PBS were injected subcutaneously in both flanks of nude mice.

In this study, we used resource equation method for the calculation of sample size for animal studies \[[@B43-nutrients-12-01901],[@B44-nutrients-12-01901]\].

Mice were divided randomly into three groups with six mice in each group. Since each mouse had two tumors, every group consisted of 12 tumors. Group 1 (controls) received 0.1 mL PBS by oral gavage. Group 2 received a daily dose of 50 mg crocin per kg body weight five times per week (Monday--Friday), Group 3 received a daily dose of 100 mg crocin per kg five times per week (Monday--Friday), respectively, in 0.1-mL PBS by oral gavage. Treatment commenced the same day after tumor cell implantation. Crocin was dissolved in PBS and filtered (0.22 μm) before administering it to the mice. Tumors were measured by Vernier scale calipers three times per week (Monday, Wednesday, Friday) and each mouse was weighed twice per week (Monday and Friday).

3. Histology of Liver Tissue {#sec3-nutrients-12-01901}
============================

At the end of the experimental period, mice were euthanized by cervical dislocation and the liver dissected and sectioned. The tissue section was stained with hematoxylin and eosin, as described previously \[[@B42-nutrients-12-01901]\]. Microscopic evaluations were performed by a pathologist.

Densitometry and Statistical Analysis
-------------------------------------

The intensity of immunoreactive bands was determined using a densitometer (Molecular Dynamics, Sunnyvale, CA, USA) equipped with Image QuaNT software. Results are expressed as mean values with 95% confidence intervals. All statistical calculations were performed using InStat software and GraphPad Prizm 4.0. Nonparametric analysis of variance (ANOVA) followed by Bonferroni post hoc multiple comparison tests were used to test the statistical significance between multiple control and treated groups. The Student's t test was used to compare control and treated group only. Differences were considered significant at *p* \< 0.05.

4. Results {#sec4-nutrients-12-01901}
==========

4.1. Inhibition of Lipid Peroxidation by Crocin (In Vitro) {#sec4dot1-nutrients-12-01901}
----------------------------------------------------------

TBARS (Thiobarbituric acid reactive substances) assay is well known to mimic lipid peroxidation of the system. In this study, in vitro antioxidant ability of crocin was tested using TBARS assay. Crocin showed dose-dependent inhibition of TBARS ([Figure 1](#nutrients-12-01901-f001){ref-type="fig"}) this indicates that crocin is a potent antioxidant compound.

4.2. Cytotoxicity of Crocin on BXPC3 Cells and Capan-2 Cells {#sec4dot2-nutrients-12-01901}
------------------------------------------------------------

BXPC3 cells and Capan-2 cells treated with crocin at 10, 20 and 40-µg/mL showed a significant dose-dependent decline in cell viability ([Supplementary Figures S1 and S2](#app1-nutrients-12-01901){ref-type="app"}).

4.3. Role of Crocin on Apoptosis in BXPC3 Cells and Capan-2 Cells {#sec4dot3-nutrients-12-01901}
-----------------------------------------------------------------

Crocin induced apoptosis in BXPC3 cells and Capan-2 cells dose-dependently. Crocin upregulated BAX with simultaneous downregulation of Bcl2. Further caspase 3 and caspase 9 upregulated upon dose-dependently upon crocin treatment. The data indicate that crocin executes apoptosis in BXPC3 cells via caspase signaling ([Figure 2](#nutrients-12-01901-f002){ref-type="fig"}A,B).

4.4. Effect of Crocin on Cytochrome C Release in BXPC3 Cells {#sec4dot4-nutrients-12-01901}
------------------------------------------------------------

Crocin induced significant cell death in BXPC3 cells (25); however, the mechanism of cell death was unclear. In this study, we found crocin treatment elicits time-dependent cytochrome c release from mitochondria to cytosol in BXPC3 cells ([Figure 3](#nutrients-12-01901-f003){ref-type="fig"}). Cytochrome c is released from the mitochondria to the cytosol during apoptosis when mitochondrial membrane permeability is disrupted ([Figure 3](#nutrients-12-01901-f003){ref-type="fig"}).

4.5. P53 and Cell Cycle Proteins Expression in Crocin Treated BXPC3 Cells and Capan-2 Cells {#sec4dot5-nutrients-12-01901}
-------------------------------------------------------------------------------------------

Crocin treated BXPC3 cells and Capan-2 cells were analyzed for expression of different cell cycle proteins such as P21^cip1^, P27^kip1^, CDK2 and CMYC, including P53. Crocin upregulated P53, P38, cytochrome c, P21^cip1^ and P27^kip1^, whereas CDK2 and c-Myc were downregulated dose-dependently in BXPC3 and Capan-2 cells ([Figure 4](#nutrients-12-01901-f004){ref-type="fig"}A,B).

4.6. Identification of Crocin Treated BXPC3 Cells Gene Signature {#sec4dot6-nutrients-12-01901}
----------------------------------------------------------------

Crocin treated BXPC3 cells demonstrated changes in expression patterns of genes involved in several pathways and checkpoints ([Figure 5](#nutrients-12-01901-f005){ref-type="fig"}). Microarray analysis showed that crocin treatment altered the expression of a total of 723 genes, including 269 upregulated and 454 down regulated (see [Supplementary Materials](#app1-nutrients-12-01901){ref-type="app"}). Among the upregulated genes due to crocin treatment involved in the regulation of several checkpoints and pathways ([Tables S1 and S2](#app1-nutrients-12-01901){ref-type="app"}).

4.7. In Vivo Pancreatic Tumor Remission by Crocin {#sec4dot7-nutrients-12-01901}
-------------------------------------------------

As can be seen in [Figure 6](#nutrients-12-01901-f006){ref-type="fig"}A, for the first 18 days, no difference was observed for treated (50 and 100 mg/kg body weight) and non-treated mice. However, at the end of the treatment, an average of approximately 52% drop in tumor volume is observed between both treatment regimens and non-treated mice. Indeed, no significant difference is found between the two dosage regimens evaluated. Furthermore, no significant changes in body weight are observed during the 40 days treatment; [Figure 6](#nutrients-12-01901-f006){ref-type="fig"}B.

4.8. Restoration of Radiation Induced Liver Toxicity by Crocin (In Vivo) {#sec4dot8-nutrients-12-01901}
------------------------------------------------------------------------

Crocin (100 mg/kg) pre-treatment reversed the damage caused by radiation by maintaining structural integrity of hepatocytes and number of Kupffer cells ([Figure 7](#nutrients-12-01901-f007){ref-type="fig"}). Changes in biochemical parameters such as reduced glutathione (GSH), glutathione peroxidase (GPx), glutathione reductase (GR), glutathione transferase (GT) and malondialdehyde (MDA) are clinical manifestation of system toxicities including radiation-induced hepatotoxicity. In this study, levels of GSH (30 min: 16.6 ± 0.11; 1 h: 13.3 ± 0.08; 2 h: 6.6 ± 0.05; 4 h: 3.33 ± 0.03) GPx (30 min: 2.4 ± 0.1; 1 h: 2.3 ± 0.02; 2 h: 2.0 ± 0.12; 4 h: 1.8 ± 0.05), GR (30 min: 0.65 ± 0.02; 1 h: 0.5 ± 0.003; 2 h: 0.4 ± 0.008; 4 h: 0.15 ± 0.02), GT (30 min: 1.75 ± 0.02; 1 h: 1.04 ± 0.02; 2 h: 1.02 ± 0.01; 4 h: 1.0 ± 0.006) and MDA (30 min: 0.1 ± 0.006; 1 h: 0.2 ± 0.005; 2 h: 0.2 ± 0.01; 4 h: 0.3 ± 0.01) were altered time dependently in mice received 4 Gy of irradiation. Pretreatment with crocin (100 mg/kg body weight) reversed the changes caused by irradiation and brought back the levels of biochemical parameters to near normal levels ([Table 1](#nutrients-12-01901-t001){ref-type="table"} and [Table 2](#nutrients-12-01901-t002){ref-type="table"}).

5. Results {#sec5-nutrients-12-01901}
==========

Ionizing radiation treatment regimens have been modernized to precisely target the tumor site. However, the detrimental effects of radiation on the organs anatomically situated near the tumor site is currently inevitable. Pancreatic cancer patients who receive radiotherapy as a part of treatment protocols sensitize their liver leading to hepatotoxicity. For improved therapeutic outcomes, an ideal drug would be one that offers pancreatic anticancer efficacy as well as protection against radiosensitization. Here, we provide evidence for the mechanism of cell cycle arrest by crocin and demonstrate the potential for protection against radiosensitization by this carotenoid extracted from saffron.

Apoptosis occurs primarily via two pathways: the mitochondrial or through death receptor pathway. Bcl-2 is involved in cell survival and inhibits cell apoptosis induced by a variety of stimuli, indicating that Bcl-2 is a negative regulator of cell apoptosis \[[@B45-nutrients-12-01901],[@B46-nutrients-12-01901]\]. Bax is a pro-apoptotic protein, which resides in the outer mitochondrial membrane and translocates to the mitochondria at an early stage of apoptosis. Therefore, a reduced Bcl-2 expression accompanied by high expression of Bax may promote the apoptotic response to anticancer drugs \[[@B47-nutrients-12-01901]\]. In this study, we found that in BXPC3 and Capan-2 cells, crocin reduces the Bcl-2 expression and upregulates Bax expression in a dose-dependent manner ([Figure 2](#nutrients-12-01901-f002){ref-type="fig"}). This alteration in the Bcl-2/Bax ratio indicates the apoptosis-inducing potential of crocin in BXPC3 and Capan-2 cells. This is in agreement with previous results \[[@B26-nutrients-12-01901],[@B46-nutrients-12-01901],[@B47-nutrients-12-01901],[@B48-nutrients-12-01901]\], in which crocin is shown to affect the Bax/Bcl2 ratio to cause apoptosis in Leukemia, lung cancer, AGS gastric cancer and prostate cancer cells.

Numerous studies have shown that active caspase-3 is needed to induce apoptosis in response to chemotherapeutic treatments \[[@B49-nutrients-12-01901],[@B50-nutrients-12-01901],[@B51-nutrients-12-01901],[@B52-nutrients-12-01901]\]. To dissect the molecular mechanism of caspase-mediated apoptosis by crocin in BXPC3 and Capan-2 cells, we studied the expression level of active caspase 3, caspase 9 and cytochrome c. Our results indicate that crocin markedly upregulates the expression of active caspase 3, 9 and cytochrome c in BXPC3 and Capan-2 cells, respectively ([Figure 2](#nutrients-12-01901-f002){ref-type="fig"} and [Figure 4](#nutrients-12-01901-f004){ref-type="fig"}). It further elicits time-dependent upregulation of cytosolic cytochrome c in BXPC3 cells ([Figure 3](#nutrients-12-01901-f003){ref-type="fig"}). Crocin induced hallmark of apoptosis in BXPC3 cells and Capan-2 cells by cleaving the pro-apoptotic caspase 3. Cleavage of caspase 3 is the sign of post-translational modification, which leads to the formation of the death-inducing signaling complex. In addition, the release of cytochrome C from the inner membrane of mitochondria is essential for the initiation of the apoptotic cascade \[[@B53-nutrients-12-01901],[@B54-nutrients-12-01901]\]. In this study, crocin facilitated the release of cytochrome c from mitochondria in BXPC3 cells, which evidenced that crocin mediated apoptosis in BXPC3 cells via caspase and mitochondrial-dependent pathway.

P53 is the tumor suppressor and one of the most frequently mutated genes in 70% of pancreatic cancers. P53 transcriptionally activates the genes in response to acute DNA damage-inducing proliferative arrest or apoptosis \[[@B55-nutrients-12-01901]\]. Clinical data suggest that poor prognosis status of pancreatic ductal adenocarcinoma patients associated with low P53mRNA transcript level \[[@B56-nutrients-12-01901]\]; thus, P53 expression can be used as a biomarker for prognosis and therapy prediction. In this study, we found that crocin treatment upregulates the P53 expression in BXPC3 and Capan-2 cells ([Figure 4](#nutrients-12-01901-f004){ref-type="fig"}).

Following our results, crocin induced apoptosis by upregulating the P53 expression in cervical, brain and breast cancer cells \[[@B57-nutrients-12-01901],[@B58-nutrients-12-01901],[@B59-nutrients-12-01901]\]. However, the molecular mechanism of interaction of crocin and P53 is not well understood. DNA damage regularly initiates the p53 pathway resulting in cell cycle arrest at the G1 phase to restore genome stability and avoid subsequent malignancy. Cyclin-dependent kinase (CDK) complexes are formed and activated at specific stages of the cell cycle and their activities required for progression through distinct cell cycle phases \[[@B60-nutrients-12-01901]\]. The dysregulation of CDK in the cell cycle is often found elevated in human tumors and is associated with the unrestrained proliferation of cells, an essential hallmark of cancer \[[@B61-nutrients-12-01901]\]. Aberrant activation of CDKs which seen in human diseases, provided a rationale for designing inhibitors of CDKs as anticancer drugs \[[@B62-nutrients-12-01901]\].

It is known that p53 regulates cell cycle by suppressing CDK's complex activation and by facilitating CDK's binding with endogenous inhibitors proteins p21/CIP1 and p27/KIP1, which results in inhibition of CDK's kinase activities and prevents cell cycle progression. In this study, crocin treatment reduced the expression of CDK2 and upregulated the expression of p21/CIP1 and p27/KIP1 in BXPC3 cells and Capan-2 cells, respectively. Current data agreed with our previous report, where crocin cease the cell cycle at the G1 phase in BXPC3 cells. It is well established that the G1 phase of the cell cycle-regulated by CDK2 complex \[[@B63-nutrients-12-01901]\] and its inhibition can prevent the cells from getting through the G1 phase and entering S-phase of the cell cycle.

Further up-regulation of p21/CIP1 and p27/KIP1 by crocin treatment indicates that crocin enhances binding of p21/CIP1 and p27/KIP1 with CDK2; thus, CDK2 lost its kinase activity and prevented the progression of cells through the G1/S transition. In addition to this, several studies provide evidence that activation of p38 resulted in inhibition of the cell cycle at the G1/S transition \[[@B64-nutrients-12-01901]\]. p38 can modulate the retinoblastoma protein (pRb) phosphorylation, which is a crucial regulator of G1 checkpoint; thus, p38 can orchestrate cell cycle arrest through CDK's independent way. Activation of p38 depends on the p53 expression because p53 serves as an in vitro and in vivo substrate for p38 in different models \[[@B65-nutrients-12-01901],[@B66-nutrients-12-01901]\]. Our study shows that crocin treatment profoundly enhances the expression of both p53 and p38 in BXPC3 and Capan-2 cells dose-dependently ([Figure 4](#nutrients-12-01901-f004){ref-type="fig"}). Crocin could play a functional role in enhancing the binding of p53 and p38 and this interaction could halt the progression of the cell cycle in BXPC3 and Capan-2 cells. Transcriptional activation of cell cycle genes by c-MYC is essential to regulate cell proliferation, cell differentiation and apoptosis \[[@B67-nutrients-12-01901]\]. c-MYC is a critical transcriptional factor and its overexpression promotes the progression of the cell cycle through the G1/S transition. Previous studies reported that in transgenic mouse models have an insight that transient inactivation of the c-MYC leads to tumor regression. Thus, suggesting that the regulation of oncogenic c-MYC harnessed to treat cancer patients \[[@B68-nutrients-12-01901]\]. Recent studies enumerated that c-MYC represents a central oncogene in pancreatic cancer and its expression correlated with the perineural invasion and poor prognostic features \[[@B69-nutrients-12-01901]\]. Therefore, we studied the role of crocin on expression c-Myc expression in BXPC3 and Capan-2 cells. We found that crocin treatment abrogates the c-Myc expression in BXPC3 and capan-2 cells dose-dependently ([Figure 4](#nutrients-12-01901-f004){ref-type="fig"}). C-MYC predominantly located in the nucleus; therefore, pharmacological inhibition of c-MYC requires localization of drugs at the nuclear site. Our data suggest that crocin could localize into the nucleus of BXPC3 and capan-2 cells and suppress the Myc expression. Consistent with this notion in the present study, we demonstrate that increased p53, p38, p21/p27 expression and downregulation of CDK2 and c-MYC levels could be an explanation by which BXPC3 and Capan-2 cells undergo cell cycle arrest during crocin exposure. Crocin could target multiple signaling molecules simultaneously to arrest BXPC3 and Capan-2 cell growth. However, additional experiments such as pharmacological inhibition of critical molecules and drug localization upon crocin treatment in BXPC3 and Capan-2 cells will be required to understand the precise molecular mechanism of crocin inducing cell cycle arrest.

The occurrence and progression of pancreatic cancer are associated with differential expression of genes. Cancer genomic studies have advanced our understanding of the pathogenesis of pancreatic cancer significantly. Identifying drug targeting genes and its downstream in the tumor would be a tremendous effort which would facilitate the use of a drug in patients who require precision medicine. In this study, we performed microarray analysis to acquire an overall view of crocin inducing signaling pathways in BXPC3 cells. Our data reveals that a total of 723 genes, including 269 upregulated and 454 down regulated, in crocin treated BXPC3 cells. In the present study, crocin up-regulated genes involved in different checkpoints such as cell cycle, DNA damage, DNA damage, mitotic spindle, programmed cell death, regulation of cell differentiation, cell death and cell adhesion ([Table S1](#app1-nutrients-12-01901){ref-type="app"}). This observation supports the notion of crocin as a pro-apoptotic and cell cycle arresting agent. Crocin up-regulates GADD45β is a vital gene activated during p53 dependent pro-apoptotic pathway and it could also enable the caspase cascade leading the cell to apoptosis in BXPC3 cells. Prostaglandin (PG) is a bioactive lipid that impacts healthy development, tissue homeostasis, inflammation and cancer progression \[[@B70-nutrients-12-01901]\]. The inflammatory and carcinogenic activity increased the expression of COX-1 and microsomal PGE synthase-1 (mPGES-1). Both occur to amplify the accumulation of PGE2 in tumors \[[@B71-nutrients-12-01901]\]. In this study, PG inducible genes such as prostaglandin E synthase (PTGES), prostaglandin--endoperoxidase synthase 1 (PTGS1), COX1, phospholipase A2- group 5 (Pla2g5), cytochrome P450, family 2, subfamily c, polypeptide 37 (Cyp2c37) were downregulated by crocin treatment ([Table S2](#app1-nutrients-12-01901){ref-type="app"}). COX is the key enzyme required for the conversion of arachidonic acid to prostaglandins \[[@B72-nutrients-12-01901]\]. Arachidonic acid metabolized by cytochrome *P-*450 type enzyme systems to produce hydroxy and carboxy products \[[@B73-nutrients-12-01901]\]. It indicates crocin could ameliorate pancreatic tumor progression by suppressing arachidonic acid metabolism. Furthermore, downregulated genes were carbonyl reductase 2 (Cbr2) and oncogenes Ras-related GTP binding D.

The MAP kinase kinase kinase 6 (MAPKKK6), inflammatory genes bradykinin receptor, beta 1 (Bdkrb1), nitric oxide synthase 3 (NOS 3), fibroblast growth factor (FGF), hypoxia-inducible factor 3 (HIF3) were present, among others. The significance of this crocin mediated downregulation of these genes remains unclear. Further specific gene knocks out are warranted to unravel the mechanism of action of crocin.

Crocin found to induce cell death in BXPC3 and Capan-2 cells by triggering caspase signaling; however, safety and tumor efficacy of the crocin in vivo pancreatic cancer model is unclear. To address this issue, in this study, we develop an in vivo pancreatic tumor model and assess the tumor remission property of crocin. Crocin treatment significantly reduce tumor burden and no change in the bodyweight of tumor-bearing mice was observed ([Figure 6](#nutrients-12-01901-f006){ref-type="fig"}). Our data indicate that crocin is a profound anti pancreatic cancer agent with less toxicity. Pancreatic cancer patients receive a cycle of ionizing radiation (IR) treatment to suppress the tumor growth unavoidably, exposing organs situated near the pancreas to IR. Anatomically liver located near to pancreas; therefore, radiation-induced hepatic damage is visible. IR induced oxidative stress is a known pathologic consequence is due to aberrant accumulation of reactive oxygen species (ROS), which can initiate liver injury. The imbalance between ROS generation and antioxidant system cause severe damage to the liver. Results show that crocin can induce BXPC3 and Capan-2 cell death by triggering cell cycle and apoptotic signaling molecules and crocin known to be a capable antioxidative molecule. In this study, we delineate the role of crocin on in vivo IR induced oxidative stress in the liver. This study adds the value on crocin not only as an anticancer molecule, but also radiation protection agent.

Crocin administration prevented liver histopathologic changes induced by IR, as evidenced by H&E staining ([Figure 7](#nutrients-12-01901-f007){ref-type="fig"}). Our in vitro antioxidant data indicates that crocin can inhibit TBARS dose-dependently ([Figure 1](#nutrients-12-01901-f001){ref-type="fig"}). Further, we studied the anti-lipid peroxidative role of crocin in mice. A single dose of IR (6 Gy) significantly elevated the levels of malondialdehyde (MDA). The main product of lipid peroxidation and cytotoxic nitric oxide in the liver \[[@B74-nutrients-12-01901],[@B75-nutrients-12-01901]\]. In our study, we found that IR (4Gy) increased the MDA levels in mice and crocin treatment restores the MDA level ([Table 2](#nutrients-12-01901-t002){ref-type="table"}). Evidenced that crocin can protect the liver IR induced oxidative damage. IR mediated alteration of redox potential due to free radicals' generation can cause a dramatic fall in the hepatic glutathione (GSH). Enzymes such as glutathione peroxidase, glutathione reductase and glutathione transferase lead to membrane lipid peroxidation \[[@B76-nutrients-12-01901],[@B77-nutrients-12-01901]\]. Therefore, searching for an agent can reduce radiation toxicity in healthy tissues is of scientifically much interest. In this study, increased GSH level ([Table 1](#nutrients-12-01901-t001){ref-type="table"}) suggests that protection by the crocin mediated through the restoration of IR altered hepatic antioxidant status ([Table 1](#nutrients-12-01901-t001){ref-type="table"} and [Table 2](#nutrients-12-01901-t002){ref-type="table"}). Crocin treatment confers hepatic protection by scavenging IR generated free radicals. During radiolysis and induce cellular radioprotectors such as GSH.

6. Conclusions {#sec6-nutrients-12-01901}
==============

In conclusion, crocin induced pancreatic cancer cell death via cleaving caspase 3 and mitochondrial c release. Crocin downregulated expression of p53 in BXPC3 and capan-2 cells and modulated the expression of cell cycle proteins such as CDK2, P21 and P27. Microarray data reveals that crocin upregulated genes involved in different checkpoints (cell cycle and DNA damage) and downregulated genes involved in arachidonic acid metabolism. Toxicity study shows that crocin is safe and crocin reduced in vivo tumor growth. Crocin offers hepatic protection by scavenging radiation-induced alteration of antioxidant status in mice. The results from our study suggested that crocin is radioprotective as well as inducing apoptosis in pancreatic cancer which indicates its potential as clinical translation. However, before reaching a definite conclusion, the more detailed study, including a human clinical trial, is required to fully understand the role of dietary crocin in the management and treatment of pancreatic cancer.
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![In vitro inhibition of thiobarbituric acid reacting substances (TBRS) by crocin. Data presented as mean ± SD of triplicates of three independent experiments. .\*Asterisks represents significance (\* *p* \< 0.05; \*\* *p* \< 0.01)](nutrients-12-01901-g001){#nutrients-12-01901-f001}

![Role of crocin on BXPC3 and Capan-2 cells caspase signaling. BXPC3 and Capan-2 cells treated with different concentration (10, 20 and 40 µg/mL) of crocin for 24 h The whole-cell lysate prepared from crocin treated BXPC3 and Capan-2 cells and resolved in SDS PAGE. Analysis. Resolved proteins immune probed with BAX, Bcl2, Caspase3 and Caspase 9 antibodies. β-actin as a loading control. (**A**) Dose-dependent effect of Crocin on BXPC3 caspase signaling and protein band quantification by densitometric analysis; (**B**) dose-dependent effect of crocin on Capan-2 caspase signaling and protein band quantification by densitometric analysis with control being 100%.](nutrients-12-01901-g002){#nutrients-12-01901-f002}

![Crocin induced release of mitochondrial cytochrome c in BXPC3 cells. Release of cytochrome c from mitochondria to the cytosol was detected in BxPC-3 cells treated with crocin (10 µg/mL) at a time point of 0, 12, 24 and 36 h. The protein bands were subsequently quantified by densitometric analysis with that of control being 100% as shown just below the immunoblot data. Data represented the mean ± SEM of three independent experiments.](nutrients-12-01901-g003){#nutrients-12-01901-f003}

![Effect of crocin on cell cycle signaling proteins in BXPC3 and Capan-2 cells. BXPC3 and Capan-2 cells treated with different concentration (10, 20 and 40 µg/mL) of crocin for 24 h The whole-cell lysate prepared from crocin treated BXPC3 and Capan-2 cells and resolved in SDS-PAGE. Resolved proteins immune probed with P53, P21Cip1, P27Kip1, CDK2, c-Myc, Cyto-C and P38 antibodies. β-actin as loading control; (**A**) Dose-dependent effect of Crocin on BXPC3 cell cycle signaling and protein band quantification by densitometric analysis; (**B**) dose-dependent effect of crocin on Capan-2 cell cycle signaling and protein band quantification by densitometric analysis with control being 100%. Data represent mean ± SEM. \* indicates significant differences compared to control (\* *p*0.05; \*\* *p*0.01).](nutrients-12-01901-g004){#nutrients-12-01901-f004}

![Crocin induced gene signatures of BXPC3 cells. BxPC3 cells (1 × 10^7^) were treated with crocin (10 µg/mL). Total RNA was isolated from crocin treated BXPC3 cells and hybridized with Agilent's Human Array G8451B.](nutrients-12-01901-g005){#nutrients-12-01901-f005}

![Efficacy of crocin on in vivo pancreatic tumor remission and bodyweight of tumor-bearing mice. (**A**) Tumor remission by 50 mg/kg and 100 mg/kg of crocin treatment; (**B**) body weight of tumor-bearing mice; (**C**) tumor remission; (**a**) control; (**b**) 50 mg/kg treatment of crocin; (**c**) 100 mg/kg treatment of crocin.](nutrients-12-01901-g006){#nutrients-12-01901-f006}

![Restoration of radiation-induced liver damage by crocin. Photomicrographs of liver tissue. (**A**) Control groups: Normal histological appearance of liver tissue; (**B**) DDW + 4Gy-treated groups: hyperplasia (arrow), hemorrhage, atrophy and red hyaline (arrowhead); (**C**) crocin (100 mg/kg, but) + 4Gy-treated groups: regular hepatocytes in the most region and mild activated Kupffer cells. H&E Staining, original magnifications: ×200.](nutrients-12-01901-g007){#nutrients-12-01901-f007}

nutrients-12-01901-t001_Table 1

###### 

Effect of dietary crocin on radiation-induced glutathione depletion, glutathione reductase, glutathione peroxidase activity in irradiated mice liver. Data presented as mean ± SD of triplicates of three independent experiments. ^a^: *p* \< 0.0001 ^b^: *p* \< 0.1 ^c^: *p* \< 0.01 compared to DDW. ^1^: *p* \<0.0001 ^2^: *p* \< 0.1 ^3^: *p* \< 0.01 compared to RT alone.

  GSH (µM/mg Tissue)                 30 min            1 h              2 h              4 h
  ---------------------------------- ----------------- ---------------- ---------------- ------------------
  PBS                                56.6 ± 0.05       50 ± 0.20        46.6 ± 0.05      50 ± 0.18
  Crocin (100 mg/kg bwt)             63.6 ± 0.03 ^a^   56.6 ± 0.1 ^a^   56.6 ± 0.1 ^a^   53.3 ± 0.20 ^a^
  PBS + RT (4 Gy.)                   16.6 ± 0.11       13.3 ± 0.08      6.6 ± 0.05       3.33 ± 0.03
  Crocin (100 mg/kg bwt) + RT(4Gy)   63.3 ± 0.08 ^1^   60 ± 0.18 ^1^    56.6 ± 0.1 ^1^   46.6 ± 0.05 ^1^
  GPx (µM/min/mg/protein)                                                                
  PBS                                2.4 ± 0.05        2.5 ± 0.12       2.8 ± 0.05       2.83 ± 0.06
  Crocin (100 mg/kg bwt)             2.8 ± 0.05 ^c^    2.9 ± 0.05 ^b^   2.9 ± 0.1        3.06 ± 0.12
  PBS + RT (4 Gy.)                   2.4 ± 0.1         2.3 ± 0.02       2.0 ± 0.12       1.8 ± 0.05
  Crocin (100 mg/kg bwt) + RT(4Gy)   2.7 ± 0.11        2.6 ± 0.11 ^2^   2.5 ± 0.05 ^2^   2.33 ± 0.08 ^3^
  GR(µM/min./mg/protein)                                                                 
  PBS                                0.3 ± 0.05        0.25 ± 0.05      0.2 ± 0.006      0.25 ± 0.05
  Crocin (100 mg/kg bwt)             0.3 ± 0.005       0.4 ± 0.02 ^b^   0.4 ± 0.01 ^a^   0.5 ± 0.0066 ^b^
  PBS + RT (4 Gy.)                   0.65 ± 0.02       0.5 ± 0.003      0.4 ± 0.008      0.15 ± 0.02
  Crocin (100 mg/kg bwt) + RT(4Gy)   1.1 ± 0.04 ^1^    0.9 ± 0.04 ^1^   0.7 ± 0.01 ^1^   0.6 ± 0.01 ^1^

nutrients-12-01901-t002_Table 2

###### 

Effect of dietary crocin on radiation-induced glutathione transferase activity and rate of lipid peroxidation in irradiated mice liver. Data presented as mean ± SD of triplicates of three independent experiments. ^b^: *p* \< 0.1 ^c^: *p* \< 0.01 compared to DDW. ^1^: *p* \<0.0001 ^2^: *p* \< 0.1 ^3^: *p* \< 0.01 compared to RT alone.

  GT(µM/min/mg/Protein)                  30 min            1h                 2 h               4 h
  -------------------------------------- ----------------- ------------------ ----------------- ------------------
  PBS                                    1.4 ± 0.05        1.2 ± 0.05         1.3 ± 0.05        1.1 ± 0.1
  Crocin (100 mg/kg bwt)                 1.5 ± 0.05        1.5 ± 0.11^b^      1.3 ± 0.05        1.4 ± 0.11
  PBS + RT (4Gy.)                        1.75 ± 0.02       1.04 ± 0.02        1.02 ± 0.01       1.0 ± 0.006
  Crocin (100 mg/kg bwt) *+* RT (4 GY)   1.9 ± 0.05 ^2^    1.6 ± 0.11^3^      1.4 ± 0.05 ^3^    1.2 ± 0.11
  MDA (µg/mg protein)                                                                           
  PBS                                    0.05 ± 0.003      0.1 ± 0.008        0.1 ± 0.01        0.03 ± 0.003
  Crocin (100 mg/kg bwt)                 0.02 ± 0.01 ^c^   0.03 ± 0.003 ^c^   0.1 ± 0.008       0.02 ± 0.001 ^b^
  PBS + RT (4 Gy.)                       0.1 ± 0.006       0.2 ± 0.005        0.2 ± 0.01        0.3 ± 0.01
  Crocin (100 mg/kg bwt) + RT(4Gy)       0.1 ± 0.01        0.1 ± 0.006 ^1^    0.1 ± 0.003 ^2^   0.15 ± 0.015 ^1^

[^1]: These authors contributed equally to this work and should be considered first authors.
